ABSTRACT.-Biologists know relatively little of how one of the most important avian phenotypic signals, feather coloration, may be affected by anthropogenic changes resulting from urbanization. We examined the relationship between urbanization and carotenoid-based plumage color of Northern Cardinals (Cardinalis cardinalis) in 13 riparian forests distributed across a rural-to-urban landscape gradient in central Ohio, USA. Feathers and morphometric measurements were collected from breeding territorial males (n 5 129) and females (n 5 145) during March-August 2006-2008. Plumage brightness of males, but not females, increased with body condition (i.e., size-adjusted mass) and declined with amount of urbanization surrounding forests in which cardinals bred. The extent plumage coloration reflected condition was partially mediated by landscape composition. Specifically, the relationship between brightness and body condition was most pronounced in the most rural landscapes. The interdependency of male coloration and body condition may be more relaxed in urban than rural landscapes if carotenoid-rich foods from anthropogenic and/or invasive sources are more available, or are accessible to birds across a wide range of condition.
Most studies of birds in human-dominated landscapes have described striking and relatively predictable patterns in response of species diversity and abundance to intensity of urban development (Blair 1996 , Anderies et al. 2007 , Devictor et al. 2007 , Tratalos et al. 2007 ). Subtle consequences of urbanization, such as changes in behavior or coloration are less commonly examined. Biologists continue to have a poor understanding of how urbanization might influence plumage coloration, despite a century of interest in causes and consequences of this important phenotypic signal in birds (Andersson 1994 , Bortolotti 2006 . Most studies of avian coloration in urban systems have focused on detrimental effects of anthropogenic pollution upon levels of carotenoids in plant and animal matter (Sillanpaa et al. 2008) as well as plumage coloration, as in Great Tits (Parus major) (Eeva et al. 1998 , Isaksson et al. 2005 , Isaksson and Andersson 2007 . The presence of certain exotic plants, some of which are positively associated with urban development (Borgmann and Rodewald 2005) , also can affect coloration by altering access to diet-derived pigments. For example, Mulvihill et al. (1992) showed that access to exotic honeysuckle fruits (Lonicera spp.) containing rhodoxanthin, a carotenoid-group (xanthophylls) pigment, changed retrix-tip colors of Cedar Waxwings (Bombycilla cedrorum) from yellow to orange. However, the consequences of urbanization affecting avian coloration remain poorly understood despite these studies.
One of the primary ways in which urban development might affect plumage coloration is by altering food resources. Cities generally contain a variety of novel food resources, including bird seed at feeders, fruit from exotic plants, and refuse that can change diets. These changes in food resources can directly affect coloration through increased availability of pigment-containing food sources. The link between diet and plumage coloration should be particularly strong for species that have carotenoid-based plumages, which are highly dependent on carotenoid pigments obtained from food sources (Møller et al. 2000 , Hill et al. 2002 . However, access to pigments is not the sole determinant of coloration because individuals may differ in their ability to use ingested pigments . A variety of urbanassociated factors, such as abundant humancommensal predators, oxidative stressors (e.g., pollution), and high avian densities, may constrain the ability of individuals to acquire or physiologically sequester carotenoids for color production (Møller et al. 2000, Isaksson and Andersson 2007) . Consequently, plumage quality is known to reflect general health or immunocompetence (Andersson 1994 , Saks et al. 2003 , Dawson and Bortolotti 2006 , Maney et al. 2008 ), individual quality (Hill 1991 , Kristiansen et al. 2006 , and quality of the environment in which birds live (Arriero and Fargallo 2006) . Thus, coloration might be a useful indicator of cryptic detrimental or beneficial effects of urbanization upon an ecosystem.
We used the Northern Cardinal (Cardinalis cardinalis) as a model species to examine the extent to which coloration varied with individual body condition and the amount of urbanization surrounding forested parks in central Ohio, USA. The Northern Cardinal is a socially monogamous, dichromatic, year-round resident that exhibits a single annual molt immediately after the breeding season (Halkin and Linville 1999) . Cardinals display a brilliant red carotenoid-based plumage that is highly dependent upon their diet Breitwisch 1997, McGraw et al. 2001) . The species is known to respond positively to urbanization, likely as a consequence of more abundant nesting substrates, fruit resources, bird feeders, and warmer winter temperatures than in comparable rural landscapes (Leston and Bakermans 2006) . Previous studies indicate that forests within urban landscapes contain nearly three times the amount of fruit and nearby bird feeders than in rural areas (Atchison and Rodewald 2006, Leston and . Increased fruit resources are primarily from the presence of exotic and invasive species, such as Amur honeysuckle (Lonicera maackii) and multiflora rose (Rosa multiflora). These increased food resources represent one of many ways that urbanization may influence the condition and coloration of cardinals.
Specifically, we asked (1) does plumage coloration vary along a rural-to-urban landscape gradient, and (2) does plumage coloration reflect differences in condition among individuals?
METHODS
Study Sites.-Cardinals were studied at 13 riparian forest sites within the Scioto River Watershed of central Ohio, USA (Table 1 , modified from Rodewald and Shustack 2008b) . Study sites consisted of mature forest corridors $250 m long and $100 m wide with all study sites separated by .2 km. Riparian forests across the study area were generally similar in both shape and landscape configuration (i.e., they were narrow, linear, highly-connected forests in fragmented landscapes).
We described the amount of urbanization surrounding each study site using an urban index developed for a larger concurrent study of avian communities across 35 sites (Rodewald and Shustack 2008b) . Landscape composition within a 1-km radius of each site was calculated based on digital orthophotographs (2002) (2003) (2004) and existing data from county auditors. An urban index was calculated for each site to represent the amount of urbanization surrounding that particular forest. Positive values of the urban index indicate increasingly urban forests, which were generally surrounded by .800 buildings within the 1-km radius, and bordered by residential or commercial areas. Negative urban index values represent more rural forests, which were generally surrounded by ,360 buildings and bordered by agricultural fields or pastures (described in Rodewald and Shustack 2008b) . Feather Sampling.-Feather samples were collected from 281 Northern Cardinals captured in mist nets during the breeding season from early March to mid-August 2006-2008. We measured right tarsus length (nearest 0.1 mm), mass (g), and length of the right unflattened right wing chord (nearest 0.5 mm) for all individuals captured. Six to 10 feathers were collected from the breast of each male while 3-6 feathers were collected from the underwing coverts of both wings of females. These areas of feather collection were chosen because they are known to be important areas for cardinal coloration and have been used in previous studies (Linville and Breitwisch 1997; Wolfenbarger 1999a, c; Jawor et al. 2003 . Collected feathers were labeled, stored in manila coin envelopes, and placed in a freezer until measured.
Color Measurements.-Feathers from each individual were superimposed in layers of three on 4.5 3 7.5 cm white note cards to imitate the plumage surface of a bird (Bennett et al. 1997, Quesada and Senar 2006) . Superimposed feathers were photographed at a distance of 2 cm using a supra-macro feature of a Fujifilm FinePix S8000fd digital camera. Feathers were photographed inside an 20 3 20 3 20 cm Digital Concepts Lighting Studio (with 2 20-watt lights directed at the feathers) to standardize lighting conditions. Images were imported into Adobe Photoshop CS 2 TM , a program which quantified hue, saturation, and brightness. Hue was defined as a certain point on the color spectrum and was measured on a circular scale in degrees with 0u (360u) being the purest red color (i.e., red with few blue or yellow tones). The program quantified saturation as a percentage of density with 0% being least dense and 100% being most dense (i.e., least amount of gray tones). Brightness was quantified on a percentage grayscale with 0% being black and 100% being white. The colorpicker tool (3 3 3 eye-dropper sample) was used to randomly measure and quantify plumage coloration at 10 points within the largest overlapping area of the superimposed feathers. We examined the precision of our color measurements by repeating them 10 times and calculating the coefficient of variation for measurements for each individual. Within-individual measurements were precise for brightness (CV range 5 0.5-4.4; mean 6 SE 5 1.93 6 0.04) and saturation (CV range 5 0.5-5.7; mean 6 SE 5 1.82 6 0.05). Hue measurements showed only small amounts of variation (CV range 5 1.8-34.9; mean 6 SE 5 7.26 6 0.25). Consequently, the mean of the 10 repeat measurements was used to represent plumage coloration for each individual. Our approach to color quantification is widely used (Kilner 1997 , Kilner and Davies 1998 , Dale 2000 , Gerald et al. 2001 , Fitze and Richner 2002 , Bortolotti et al. 2003 , Bezzerides et al. 2007 , Surmaki and Nowakowski 2007 , but it does not necessarily reflect how plumage is perceived by other cardinals. Also, this method is not sensitive to UV light as perceived by birds (Cuthill 2006) , although previous studies involving carotenoid plumages reported positive correlations among yellow-red spectrum (500-700 nm) and UV reflectance peaks .
Data Analysis.-We reduced the number of color variables by applying a principal components analysis to hue, saturation, and brightness measures separately for males and females. The first two factors for males explained 47% (eigenvalue 5 1.40) and 34% (eigenvalue 5 1.01) of the variation in plumage color. The first factor (hereafter called ''brightness'') was strongly correlated with brightness (20.75) and saturation (0.84), whereas the second factor (hereafter referred to as ''hue'') was strongly correlated with hue (0.89). Only the first factor was useful for females explaining 55% (eigenvalue 5 1.67) of the variation in plumage color. This first factor (hereafter called ''hue'') loaded positively for hue (0.86) and negatively for saturation (20.85).
We first developed a condition index to examine relationships between coloration and body condition using principal component analysis (PCA) on wing and tarsus length for males and females separately (SAS Institute 2002). The first factor explained 60% of the variation in body size in males (eigenvalue 5 1.19) and was positively correlated with both wing and tarsus (0.77 for each). The first factor for females explained 62% of the variation in body size (eigenvalue 5 1.25) and was positively correlated with both wing and tarsus (0.79 for each). We then regressed mass against this body-frame-size factor for 129 males and 145 females. Mass was positively associated with body size for males (F 1,127 5 11.92, P , 0.001), and residuals were used as a body condition index, which indicated if individuals were heavier (positive value) or lighter (negative value) than expected for a given body (frame) size. Variation in female mass was not a function of body size (F 1,143 5 20.72, P 5 0.399), and we used mass alone to examine condition of females.
We used mixed effects models to test how (1) condition was related to the urban index, year, and urban by year interaction (urban and year treated as fixed effects; site treated as random effect), and (2) how plumage coloration was influenced by condition, the urban index, and a condition by urban interaction (urban and condition treated as fixed effects; site and year treated as random effects). These models were used separately for males and females, and for each of the two principal components describing plumage color. We also considered how plumage variation among individuals might be related to urbanization for males and females, separately, by examining coefficient of variations for color metrics at each site, by male/female, and year. We used a mixed effect model with year as a random effect and the urban index as a fixed effect.
RESULTS
Our derived principal component (lower values indicate brighter plumage) indicated male plumage was brighter as condition improved (condition b 5 20.12 6 0039 SE; F 1,111 5 10.09, P 5 0.002, Fig. 1A ), but declined with amount of urban development surrounding forest patches (urban b 5 0.17 6 0.079 SE; F 1,111 5 4.92, P 5 0.029, Fig. 1B ). We detected a significant condition by urbanization interaction (b 5 0.10 6 0.036 SE; F 1,111 5 7.77, P 5 0.006, Fig. 2 ), indicating the relationship between brightness and condition was stronger in rural than urban landscapes. Condition varied among years (parameter estimates were 21.99 6 0.479 SE for 2006, 21.44 6 0.479 SE for 2007 with 2008 as the reference year; F 1,111 5 9.54, P , 0.001), but was not directly related to the urban index (F 1,111 5 1.76, P 5 0.1869) nor via an urbanization by year interaction (F 1,111 5 0.22, P 5 0.8025). Hue was not significantly related to either condition (F 1,111 5 0.49, P 5 0.3484) or urbanization (F 1,111 5 0.06, P 5 0.800), nor was there a condition by urbanization interaction (F 1,111 5 0.79, P 5 0.376). We found no evidence that among-individual variation of male coloration at sites changed along the rural-urban gradient for either brightness (F 1,28 5 0.01, P 5 0.917) or hue (F 1,28 5 0.54, P 5 0.467).
We found no evidence that plumage coloration of females was related to mass (F 1,127 5 0.50, P 5 0.480), urbanization (F 1,127 5 0.28, P 5 0.597), or a mass by urbanization interaction (F 1,127 5 0.22, P 5 0.638). Variation in coloration among females was not significantly related to urbanization (F 1,29 5 1.19, P 5 0.284). We found some evidence that mass varied with urbanization in some years ( 
DISCUSSION
Brightness of male plumage increased with body condition, but declined as the amount of urbanization surrounding forests in which cardinals bred increased. The relationship between brightness and body condition was stronger in more rural than urban landscapes. The interdependency of coloration and body condition may be relaxed in urban landscapes if birds in comparatively poor condition have access to carotenoid-rich foods due to supplemental feeding or fruits of exotic shrubs. We know in our study system that urban development promotes invasion by exotic Amur honeysuckle (Borgmann and Rodewald 2005) , which also is the largest source of fruit at our sites (Leston and Rodewald 2006) . Mulvihill et al. (1992) reported that access to exotic honeysuckle fruits containing rhodoxanthin, a carotenoid-group (xanthophylls) pigment was responsible for orange, rather than yellow, tipped retrices of Cedar Waxwings. The weaker interdependency of condition and coloration in urban landscapes may explain why we failed to find a direct relationship between male condition and urbanization, despite the reduced brightness of urban males.
Others have identified links between plumage and individual quality (Linville et al. 1998 , Wolfenbarger 1999b ), but we found the extent plumage coloration reflected condition was partially mediated by landscape composition. Our findings suggest plumage coloration may prove to be a less useful indicator of male quality in urban landscapes. The potential decoupling of coloration and quality may have important consequences given that coloration can serve as a useful cue in mate selection (e.g., sexual selection; Darwin 1871 , Andersson 1994 and, in the case of cardinals, is known to promote assortative mating (Jawor et al. 2003) .
Our finding that among-individual variation in plumage was not related to urbanization provides insight into the assertion that synanthropic birds may overmatch resources in urban environments (Shochat 2004) . Studies have shown that when individuals have more access or are less limited in sequestering carotenoid resources, they converge on a similar plumage display, resulting in less variation among individuals (Hill 1992) . The comparatively dull plumage of urban birds suggests that densities may exceed resource levels. However, in the case of overmatching, one also would expect to find high variation among individuals in coloration, as only a few birds would have access to the best resources. Carotenoids are generally considered to be a limiting resource among birds displaying carotenoid-based plumages (Møller et al. 2000 , Dale 2006 , specifically for Northern Cardinals (Linville and Breitwisch 1997) . One would expect increased intraspecific competition would constrain individual access to carotenoids in areas where carotenoids are especially limited due either to environmental gradients or density-FIG. 1. Relationship of plumage brightness as described by the first principal component to (A) body condition and (B) urban index of 129 male Northern Cardinals in riparian forests of central Ohio, 2006 Ohio, -2008 dependence, thereby increasing variation in plumage coloration among individuals. High variation in carotenoid-based coloration among individuals might be an indicator of the availability of reduced carotenoids in a particular environment. We found no evidence of greater variation in access to carotenoids than individuals in more rural forests despite greater densities of breeding pairs in urban landscapes (Leston and Bakermans 2006) . Supplemental food resources associated with residential land, such as bird feeders and fruiting plants (Atchison and Rodewald 2006, Leston and ) may permit high densities of cardinals to use similar or greater per capita food resources than birds living in more rural environments. This scenario of apparent resource-matching is consistent with patterns reported by Rodewald and Shustack (2008a) , which showed that survival, reproductive productivity, and energetic condition of cardinals were similar across the rural-to-urban gradient.
The presence of a relationship between coloration and urbanization suggests development surrounding forests influences the ability of cardinals to either acquire or sequester carotenoid pigments. However, there are a number of important caveats to our findings. First, given that coloration of cardinals may improve with age (Wolfenbarger 1996) , we cannot exclude the possibility that different age structure in urban and rural populations contributed to the observed patterns. Second, there is a possibility that cardinals molted and grew feathers at different locations than where they were captured, which may reflect different food conditions. However, cardinals in the study system: (1) established breeding territories beginning in March, (2) generally molted in August while still on territory, and (3) had high site fidelity across years. Third, we focused only on plumage coloration, and other ornaments (e.g., mask, crown, and beak coloration) of cardinals also may be important indicators of quality . Our study provides some evidence that urban disturbances can influence plumages of Northern Cardinals in our system, but continued study is needed to identify and understand the underlying mechanisms of plumage differences. LITERATURE CITED
